About 60 years ago, the critical depth hypothesis was proposed to describe the occurrence of spring phytoplankton blooms and emphasized the role of stratification for the timing of onset. Since then, several alternative hypotheses appeared focusing on the role of grazing and mixing processes such as turbulent convection or wind activity. Surprisingly, the role of community composition-and thus the distribution of phytoplankton traits-for bloom formation has not been addressed. Here, we discuss how trait variability between competing species might influence phytoplankton growth during the onset of the spring bloom. We hypothesize that the bloom will only occur if there are species with a combination of traits fitting to the environmental conditions at the respective location and time. The basic traits for formation of the typical spring bloom are high growth rates and photoadaptation to low light conditions, but other traits such as nutrient kinetics and grazing resistance might also be important. We present concise ideas on how to test our theoretical considerations experimentally. Furthermore, we suggest that future models of phytoplankton blooms should include both water column dynamics and variability of phytoplankton traits to make realistic projections instead of treating the phytoplankton bloom as an aggregate community phenomenon.
Introduction
The spring phytoplankton bloom is a ubiquitous phenomenon in temperate to boreal aquatic ecosystems, and the timing and magnitude of the spring bloom triggers much of the dynamics in these ecosystems throughout the year (Platt et al., 2003; Edwards and Richardson, 2004) . Consequently, it has been a major task of plankton ecology to explain the mechanisms driving the onset of the phytoplankton spring bloom and its dynamics. Since the 1920s, researchers have emphasized the role of light and mixing processes in bloom formation (Gran and Braarud, 1935; Atkins, 2009 ). In the early 1940s, Riley (1942) introduced the compensation depth concept-the depth at which photosynthesis exactly matches respiration rate. By incorporating these concepts, Sverdrup (1953) proposed the first quantitative explanation of the occurrence of the spring phytoplankton bloom. In the following years, several theories were advanced to explain the spring bloom formation, highlighting the role of turbulence, grazing, and nutrients in phytoplankton blooms, but the critical depth hypothesis (Sverdrup, 1953) remains the most cited and widely accepted. A comprehensive review on the research following Sverdrup's critical depth hypothesis was recently published by Fischer et al. (2014) .
According to Sverdrup (1953) , there is a critical mixing depth for any given time and location at which light availability in the mixed water column is sufficient to allow photosynthetic production to compensate for losses. This depth is estimated to be 5 -10 times the compensation depth as defined by Riley (1942) . The phytoplankton bloom can only occur if the actual mixing depth is less than the critical mixing depth, assuming that net photosynthesis and growth rates of phytoplankton are positive. Sverdrup argued that during spring warming, stratification compresses the mixing depth and the moment when the mixing depth becomes shallower than the critical mixing depth marks the onset of the phytoplankton bloom. The subsequent dynamics of the bloom are then governed by the stability and extent of the stratification.
Sverdrup's theory makes a number of simplifying assumptions, which might limit its application to natural systems. First, Sverdrup's hypothesis assumes that community respiration is constant with depth, whereas in reality respiration is species-specific and does not stay constant with depth (Smetacek and Passow, 1990; Williams, 1998; Robinson et al., 2002) . Second, the critical depth theory is based on light intensity alone, but the quality of the spectral availability of light changes as well with depth. These changes in available components (wavelengths) of solar radiation potentially create light niches for phytoplankton species, which are able to use different parts of the available light spectrum depending on the accessory pigments they contain (Polimene et al., 2014) . Third, Sverdrup's hypothesis assumes a thoroughly mixed water layer in which the phytoplankton cells are evenly distributed. In reality, mixing processes depend on wind activity and local hydrography which are not uniform (Taylor and Ferrari, 2011) , leading to a rather patchy distribution of organisms (Chiswell, 2011) . Furthermore, some species are able to actively migrate within the water column, also leading to an uneven distribution. Comparing phytoplankton blooms in the absence of vertical stratification in the Gulf of Maine (Townsend et al., 1992) with the hypothesis proposed by Sverdrup (1953) , Huisman et al. (1999a) formulated the critical turbulence hypothesis. Here, the focus is not on stratification but turbulence: if turbulence is below a species-specific threshold, phytoplankton can bloom in the euphotic upper water column before being transported deeper where light is insufficient.
Sverdrup himself was aware of some weaknesses of his hypothesis, especially emphasizing the role of community composition in bloom formation. He noted that the irradiance at the compensation depth must depend on plankton composition, including species composition within the phytoplankton as well as the interaction between phyto-and zooplankton (Sverdrup, 1953) . As a replacement of the critical depth hypothesis, Behrenfeld (2010) proposed a dilution-recoupling hypothesis according to which physical processes like water column mixing affect the balance between phytoplankton growth and grazing by zooplankton. He defined the bloom as a combined effect of the decoupling between phytoplankton growth and losses due to the mixed layer deepening (Behrenfeld, 2010) . According to Behrenfeld (2010) , a deepening of the mixed layer 'dilutes' the grazing pressure on phytoplankton and allows a bloom to begin. This hypothesis does not necessarily require water column stratification to occur, but is rather based on changes in predator-prey interactions.
Alternative or amended theories to explain the bloom formation emphasized the role of grazers (Smetacek and Passow, 1990; Behrenfeld, 2010) , stratification onset (Chiswell, 2011) , and turbulent convection (Huisman et al., 1999a; Taylor and Ferrari, 2011) , but the role of phytoplankton trait composition has so far largely been omitted from the discussion of phytoplankton spring bloom formation. This is surprising, as phytoplankton succession can clearly be linked to interspecific variation in resource use.
Although the theory on species coexistence describes competition for resources at steady state (Tilman et al., 1982) , it might also be helpful in defining resource requirements for certain species. Tilman et al. (1982) showed that species can form a stable population only if they have enough limiting resource for their specific growth, such that mortality is balanced by reproduction. This minimal resource concentration was termed R* and the best competitor should be the species with the lowest requirement for the limiting resource (lowest R*). For light, this theory has been modified, such that competitive interactions are mediated by self-shading whereby a species with the highest tolerance to self-shading (lowest critical light requirement I*) survives in competition for light (Huisman and Weissing, 1994) . In Tilman's terminology, the onset of the spring phytoplankton bloom is triggered when light availability becomes larger than I* for light during spring, when light is a limiting resource for most of the phytoplankton species, but mortality through grazing is low. Such conditions favour low light-adapted species with high chlorophyll concentration as shown in the modelling study by Polimene et al. (2014) . These authors suggest that pigment-mediated photoadaptation plays a primary role in shaping phytoplankton communities during the winter-spring transition.
Based on this background, we propose that the onset of the spring phytoplankton bloom depends on both allogenic factors (water column mixing, temperature, grazing by zooplankton, etc.) and autogenic factors (species physiology and traits, life history, etc.). Both allogenic and autogenic factors affect the balance between reproduction and mortality, allogenic factors being additionally responsible for resource supply. We hypothesize that the match of environmental change at the winter-spring transition and an optimal trait combination of the phytoplankton community are required to allow rapid phytoplankton growth and bloom formation.
The role of hydrodynamics
Hydrodynamic flow patterns in the oceans play a pivotal role for the formation of plankton blooms. While horizontal flow patterns like eddies, fronts, and jets are responsible for the redistribution of nutrients and plankton on intermediate spatial scales (Abraham, 1998; Martin, 2003; Tél et al., 2005) , vertical flows often account for turbulent mixing on small spatial scales (Mann and Lazier, 1991; Kiørboe, 1993; Denman and Gargett, 1995; Prairie et al., 2012) . The vertical flow patterns are approximately one order of magnitude smaller in strength than the horizontal ones. The structure of hydrodynamic flows on all scales leads to an incomplete mixing of the water column which has a large impact on plankton communities.
Vertical flows
Depending on their density compared with the density of water, plankton cells rise or sink. Turbulent diffusion resolving small-scale turbulence interacts with the sinking motion and influences strongly the vertical distribution of phytoplankton. Sverdrup's critical depth hypothesis (Sverdrup, 1953) focuses on light-dependent growth and does not account for the implications of sinking and turbulent diffusion. In contrast, the critical turbulence hypothesis by Huisman et al. (1999a Huisman et al. ( , b, 2002 takes the interplay between lightdependent growth and turbulent diffusion into account. They showed that the critical depth depends on the turbulence level. On the other hand, each species possesses a critical turbulence level at which growth rates exceed the vertical mixing rate, leading to a phytoplankton bloom independently of the critical depth. Since critical depth and critical turbulence are independent
The importance of phytoplankton trait variability phenomena, one can expect that different phytoplankton communities favour those different strategies leading to different species compositions depending on the strength of turbulent mixing. Whereas low turbulence conditions favour buoyant phytoplankton species, well-mixed waters benefit species with low light requirement. Huisman et al. (1999b) assumed a homogeneous turbulent diffusion across the whole water column, whereas more recent studies show how a depth-dependent turbulent diffusion would influence the location of the chlorophyll maximum (Jäger et al., 2010; Ryabov et al., 2010; Peeters et al., 2013) . To estimate the impact of turbulent mixing in more detail one has to take its depth dependence into account, instead of relying on simple two-layer models. Moreover, active movement of plankton organisms can also be important (Mellard et al., 2012) .
Horizontal flows
Looking at the horizontal mixing, the situation can be quite different with respect to the time-scales involved. Horizontal transport is much faster than the time needed for plankton growth. Therefore, redistribution of nutrients due to horizontal transport would not be able to have a visible effect in shaping plankton communities. However, there exist mesoscale hydrodynamic structures (Lagrangian coherent structures) of size of about 10 -100 km in the ocean, which have a lifetime of several days to weeks. Such longlived structures like eddies and fronts can have an important influence on the growth of plankton, since close to these structures biological time-scales of growth become comparable to the time-scale of the flow. As a result, stirring and mixing are essential determinants of plankton patterns occurring in the ocean (Abraham, 1998) . Particularly, vortices in the flow can act as incubators for plankton growth giving rise to plankton blooms inside vortices. The emergence of the plankton blooms within mesoscale eddies can occur due to two different mechanisms. They can entrain nutrient-rich waters (i) from upwelling events close to the coast and transport them over long distances in the ocean or (ii) from deeper layers in the open ocean by rotation. In both cases, the transport barriers, which are formed around the eddies, decrease substantially the exchange of water masses between inside and outside. Owing to this confinement of the plankton, "hot spots" of their growth are maintained for a rather long time (Martin et al., 2002; Sandulescu et al., 2008; d'Ovidio et al., 2013) . Other structures like fronts and jets also play an important role in the formation of plankton blooms (Ló pez et al., 2001; Hernández-García and Ló pez, 2004; Taylor and Ferrari, 2011; Levy et al., 2012) .
The heterogeneous distribution of nutrients mediated by mesoscale hydrodynamic structures can not only give rise to particular mechanisms of the formation of plankton blooms, but can also induce different species dominance patterns and hence different plankton communities across the ocean (Bastine and Feudel, 2010; d'Ovidio et al., 2010) . Eddies typically persist for weeks, but may in some instances persist for several months (Kang and Curchitser, 2013) . Therefore, eddies may strongly influence the development of different communities. In fact, incomplete mixing can promote the coexistence of species (Bracco et al., 2000; Scheuring et al., 2000 Scheuring et al., , 2003 and can be considered as one possible solution of the paradox of plankton (Hutchinson, 1961) .
The role of solar irradiance
Besides temporal and spatial changes in mixing processes, during winter-spring transition phytoplankton experience rapid changes in solar irradiance (in intensity, as well as spectral characteristic) caused by changing solar angle and meteorological conditions (e.g. cloud cover). The light spectrum within the pelagic environment changes temporarily on a dial rhythm following the daily spectral shifts of light entering a water column and spatially by selective absorption of light (specific wavelength) with water depth. Phytoplankton responds to mixing processes and changing irradiance by varying the amounts and proportions of photosynthetic pigments, enzymatic activities, and cell volumes (Barlow et al., 2013) . These adjustments are species-specific. Some species are best adapted to high or low light intensities, while others are more competitive under well-mixed conditions (Strzepek and Harrison, 2004) . Hickman et al. (2009) demonstrated that chromatic adaptations along with cell size markedly contribute to the balance of growth and loss rates for phytoplankton taxa and determine their distribution along light and nutrient gradients.
At high latitudes, daylight is considerable longer during summer than in winter (Kirk, 1994) and the lower solar angle in winter results in higher reflectance from the water surface (Runcie and Riddle, 2006) . Low light conditions in winter strongly favour large diatoms which have high requirement for nutrients, especially silicate, but are good competitors for light (low I* for light). Dramatically changing light conditions on the onset of stratification in spring favour fast-growing diatoms adapted to variable light, which can form the spring phytoplankton bloom (Widdicombe et al., 2010; Polimene et al., 2014) . The low light-adapted species still significantly contribute to the bloom biomass because of their size and high chlorophyll content. At lower latitudes, changes in solar irradiance are less seasonal and the ecosystem is limited by nutrients and grazing rather than by light (Siegel et al., 2002) . High light availability allows phytoplankton to reach relatively high biomass even in winter (Moustaka-Gouni et al., 2014). Thus, phytoplankton traits related to nutrient uptake (and nitrogen fixation) and grazing resistance (e.g. toxin production) might be more important in lower latitudes than in irradiance-related traits.
The role of phytoplankton traits
Recently, the trait-based approach has been successfully used in phytoplankton ecology, mainly to model community structure in response to global change . A characterization of functional traits (growth rate, cell size, and composition of photosynthetic pigments) can help in predicting what group of species is likely to dominate the bloom (Margalef, 1978) . Using information on traits to parameterize population dynamic models, it is possible to predict which species can coexist under which environmental conditions (Litchman and Klausmeier, 2008; Edwards et al., 2012; Litchman et al., 2012) . However, it should be kept in mind that most phytoplankton traits (growth rate, cell size, and nitrogen uptake kinetics) are plastic to some extent and depend on physical factors like temperature and irradiance (Eppley, 1972) .
At any time and location, there will be a limited number of species with optimal traits (well adapted to low light -high turbulence conditions and characterized by a high growth rate) that can form the spring phytoplankton bloom. Here, to better understand the role of traits (in particular growth rates and photoadaptation), we use data on natural marine phytoplankton communities from an indoor mesocosm experiment which addressed the impact of warming and mixing depth on the spring phytoplankton bloom [for details, see Lewandowska and Sommer (2010) ].
Selection for high growth rates
We assume that the spring phytoplankton bloom is a rapid event which selects for fast growing species. Slow growing species do not multiply fast enough to exceed losses (grazing and sinking) and therefore they cannot rapidly increase their biomass. Figure 1a represents maximum observed growth rates of phytoplankton species from the Baltic Sea under light-limiting conditions ( 6 mol photons m 22 d
21
) during winter-spring transition (16th February -6th April 2008). Phytoplankton biomass peaked around 4th March and was dominated by species having growth rates at least two times higher than the average community. Emphasizing the role of species-specific traits, community response depended on those species (Figure 1b) .
If such fast growing species are absent, a spring bloom might not occur despite favourable hydrodynamic conditions. There already is ample evidence of this: warming and wind changes altered phytoplankton community composition and lead to disappearance of the typical spring diatom bloom in Narragansett Bay (Nixon and Fulweiler, 2009) , Bahia Blanca Estuary (Guinder et al., 2010) , Mediterranean Sea (Goffart et al., 2002) , and coccolithophorid bloom in the Western English Channel (Garcia-Soto et al., 2011) . Always, the abundance of a usually dominant species dramatically decreased and the remaining species were not able to form a bloom.
Selection for low light adaptations
We propose that the occurrence of the spring phytoplankton bloom depends not only on stratification onset and mixed layer depth, but also on the balance of available resources in concert with phytoplankton community composition. The initiation of the bloom is determined by the light dose which has to be sufficient for the fast-growing species with the lowest I* for light. A bloom cannot start without good competitors for light and species with high growth rates. These conclusions place a major emphasis on the role of overwintering for the spring phytoplankton bloom as well as the match between stratification-and mixing-mediated resource supply and phytoplankton community structure. In winter, when light is a limiting factor for most of the phytoplankton species, low light-adapted species with high cellular chlorophyll concentrations become dominant, followed by fast-growing species adapted to variable light conditions (Widdicombe et al., 2010) . Experiments on phytoplankton monocultures converge on the conclusion that cellular chlorophyll concentrations increase with low irradiances (maximizing photon capture), but decrease with increasing light availability (Falkowski and Owens, 1980; Iriarte and Purdie, 1993; Dubinsky and Stambler, 2009 )-a pattern also reflected in our sample dataset on natural phytoplankton community (Lewandowska and Sommer, 2010 ; Figure 2 ). The bloom of these species is possible, because mortality (mainly via grazing) is still low in relation to reproduction rates, whereas with the seasonal increase of zooplankton biomass, traits such as the resistance to grazing become more important.
Diatoms typically have high cellular chlorophyll concentrations and often dominate spring phytoplankton blooms at temperate latitudes. In our example datasets, diatoms dominating the bloom (Skeletonema, Thalassiosira, and Chaetoceros) had high growth rates under low light conditions (Figure 3a) . In contrast, picoplankton with low tolerance to limiting light increased growth rates with increased light (Figure 3a ). Since they possibly also suffered from high losses to heterotrophic protists, they did not achieve high abundances during the spring bloom (cf. Figure 1b) . Similar examples of growth-irradiance relationships were presented for bloom forming haptophyte species isolated from the Bay of Biscay (Seoane et al., 2009;  Figure 3b ), which in contrast to diatoms form blooms under high light conditions.
Efficient use of light spectrum
Rapid changes in solar irradiance, mixing depth, and turbidity during the winter-spring transition affect spectral attenuation coefficients of seawater. Increasing self-shading by growing phytoplankton further alters the underwater light spectrum, because available light is partitioned by phytoplankton with different pigment compositions. Consequently, the underwater light spectrum substantially changes selecting for different phytoplankton groups. Therefore, besides general light requirement and specific growth rate, the pigment composition can be a basic trait shaping the phytoplankton community during the spring bloom (Polimene et al., 2014) . Pigment composition determines not only adaptation to low or high light conditions, but also the light use efficiency across the wavelength spectrum and thereby the "spectral niche" used. Besides chlorophyll, xanthophyll pigments play a pivotal role in phytoplankton physiology, especially with respect to photoacclimation. They are involved in both light harvesting (acting as antenna pigments) and photoprotection mechanisms being an indicator of photoadaptation (Meyer et al., 2000; Polimene et al., 2014) . Some phytoplankton species can regulate which parts of the spectrum they utilize by adjusting their pigment composition, depending on the availability of different wavelengths of light (Ting et al., 2002; Stomp et al., 2004) . Therefore, phytoplankton community structure during winter-spring transition might not only depend on speciesspecific growth rates, but also on phytoplankton traits related to pigment composition. Specific light absorption by phytoplankton species should shift the competitive advantage towards species being able to use the remaining part of the light spectrum, which however has rarely been assessed during spring phytoplankton blooms. Wall and Briand (1979) showed in a field experiment that long wavelength radiation increased the relative proportion of cyanobacteria and diatoms and reduced the proportion of dinoflagellates. Thus, cyanobacteria and diatoms might have an advantage in the upper part of the water column, where the red wavelengths are mostly confined, in contrast to dinoflagellates, which should prefer lower parts of the water column.
Phytoplankton seasonal succession
A trait-based approach might not only help explaining the occurrence of the spring bloom, but inform our understanding of phytoplankton seasonal succession in general. Later in the season, increased zooplankton grazing rates select for different sets of traits, including grazing resistance, competition for limiting mineral nutrients, and efficient utilization of nutrient pulses induced by storms, upwelling, and turbulent mixing. It has been argued that much of the variation in aggregated phytoplankton biomass and cell size structure can be organized along turbulence and nutrient supply axes (Cullen et al., 2002) . Recently, Lewandowska et al. (2014) related seasonal differences in plankton community composition to nutrient supply, with cell size and grazing resistance as emerging important traits. More general, a trait-based approach can also serve as a mechanistic underpinning of the-recently revised-PEG-model on plankton succession (Sommer et al., 2012) .
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Summary
The critical depth hypothesis has been used to explain the occurrence of the spring phytoplankton bloom for decades and is still widely accepted despite ongoing criticisms and alterations. Extending ideas presented by Sverdrup (1953) , Huisman et al. (1999a) , and Behrenfeld (2010) , we propose a hypothesis that each phytoplankton species has its own specific critical depth (SCD) which depends on its set of traits. A species with the most favoured traits and the highest SCD in given location and time will growth first and can form a bloom. The bloom will not occur if there is no species with set of traits matching environmental requirements as it happens in the high nutrients-low chlorophyll ocean regions which are lacking iron. The basic traits for detrainment blooms such as classical spring bloom in temperate latitudes are high growth rates and photoadaptation to low irradiance level in the red light spectrum. For other bloom types (e.g. upwelling blooms), other traits such as nutrient kinetics and grazing resistance might be more important.
Future directions
We do not abandon Sverdrup's hypothesis, but rather suggest that it can be made more robust by including information on hydrodynamic and functional traits of phytoplankton. Observational studies provide one way forward assessing the variation in phytoplankton bloom phenology in response to changing environment, but they do not necessarily address the effect of species identity in bloom formation. We need a new generation of experiments that target how community composition influences the dynamics of phytoplankton blooms. To better understand the role of phytoplankton traits in bloom formation, it will be useful to combine laboratory experiments investigating species-specific traits under controlled conditions with large field experiments using natural phytoplankton communities and manipulating temperature, light availability (intensity and spectral composition), or grazing. One possible approach is to use mesocosms that differ in their hydrodynamic and optical properties and contain natural plankton in combination with laboratory experiments that assess speciesspecific traits. Such multiscale experimental approaches provide the information needed to include phytoplankton traits and interspecific interactions between species into models predicting phytoplankton blooms. These experiments should also help in understanding mechanisms of species coexistence in fluctuating environment. Including both variability in resource supply and competition mechanisms, it should be possible to predict not only the start and magnitude of the phytoplankton bloom, but also which group of species will dominate the bloom. Such an approach, linking dynamic ecosystem models and experiments is urgently needed if we are to accurately understand and predict changes in marine phytoplankton. Figure 2 . Impact of light intensity on cellular chlorophyll content. Data from Iriarte and Purdie (1993) , Dubinsky and Stambler (2009) , and Lewandowska and Sommer (2010) . Figure 3 . Impact of light intensity on maximum growth rates of selected key species in the natural Baltic Sea community (a) and bloom forming haptophyte species isolated from the Bay of Biscay (b). The less steep (or more negative) the slope, the better competitor for light. Data from Seoane et al. (2009) , and Lewandowska and Sommer (2010) .
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